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The 3D distribution of self-assembled stacked quantum dots (QDs) is a key parameter to obtain the highest
performance in a variety of optoelectronic devices. In this work, we have measured this distribution in 3D using a
combined procedure of needle-shaped specimen preparation and electron tomography. We show that
conventional 2D measurements of the distribution of QDs are not reliable, and only 3D analysis allows an accurate
correlation between the growth design and the structural characteristics.
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Most optoelectronic devices based in quantum dots
(QDs) such as optical amplifiers [1], infrared detectors
[2], or lasers [3] require stacking of multiple QDs layers
to enhance properties as the number of photons emitted
or absorbed per unit area. For small spacer layers, QDs
tend to align vertically because of the strain fields caused
by the buried dots [4,5]. These strain fields have a strong
effect in the size and shape of the QDs and conse-
quently, in the optoelectronic properties of the corre-
sponding devices [6-11]. The vertical distribution of the
QDs has a direct effect in its electronic structure due to
a possible electron tunneling between layers [12], and it
has also been found to influence optical properties such
as the photoluminescence emission of the structure [13].
Because of this, understanding the 3D distribution of
stacked QDs is essential to understand and optimize the
functional properties of a wide range of devices.
Although various techniques have been used to assess
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reproduction in any medium, provided the origpowerful techniques for this purpose is transmission
electron microscopy (TEM) because it gives direct evi-
dence of the location of the QDs. However, the vertical
alignment of the stacking of QDs is often analyzed by
TEM from 2D projections of the volume of the sample
in one or several directions [17,18], losing 3D informa-
tion and therefore, making the complete correlation with
the optical characteristics unfeasible. To solve this prob-
lem, electron tomography is the most appropriate tech-
nique. An accurate 3D reconstruction in electron
tomography needs the accomplishment of some require-
ments, the most important one being that the input 2D
images must be the true projections of the original 3D
object [19]. This condition can be met by using high-
angle annular dark field (HAADF) scanning transmission
electron microscopy (STEM) images for the tilting
series, given that the diffraction effects present in con-
ventional bright field TEM images are minimized.
On the other hand and regarding the specimen, it is
required that the electron beam crosses a constant thick-
ness of the electron-transparent foil when traveling
through the sample during the tilting series. This is not
accomplished by the thin foils prepared by the conven-
tional method of specimen preparation, and only cylin-
drical or conical-shaped specimens with the symmetryThis is an Open Access article distributed under the terms of the Creative
mmons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
inal work is properly cited.
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ment. The fabrication of these specimens in the form of
needles has been recently accomplished with the use of
a dual beam scanning electron microscopy-focused ion
beam instrument (FIB), and it has been applied to atom
probe analyses [20], electron tomography studies [21],
and 3D-STEM observations [22].
In this paper, we have analyzed the vertical alignment
of InAs/GaAs stacked QDs grown between GaP strain
compensation layers by electron tomography with
HAADF images, using a needle-shaped specimen fabri-
cated by FIB. Contrary to what is derived from a 2D
conventional analysis, we have observed a considerable
deviation of the vertical stacking from the growth direc-
tion, which is a key finding for the future interpretation
of its functional properties.
Methods
The sample studied in this work consists of a stack of
50 layers of self-assembled InAs QDs grown by molecular
beam epitaxy at 510°C on GaAs (001). For each layer,
1 ML of GaP have been deposited 1.53 nm below and
12.6 nm above the InAs layer (2 ML of InAs) in order to
compensate the strain. Further details about the growth
of this sample are included in Alonso-Alvarez et al. [12].
FIB sample preparation has been carried out using a
dual-beam FEI Quanta200 3D FIB (FEI Company,
Eindhoven, Netherlands) instrument equipped with an
in situ Omniprobe micromanipulator (Dallas, TX, USA),
where the ion acceleration voltage ranges from 5 to 30 kV.
Sixty-one HAADF-STEM images have been obtained
over an angular range of 120° with a tilting step of 2° in a
JEOL JEM 2010F electron microscope (JEOL Ltd., Tokyo,
Japan) with a field emission gun working at 200 kV using
a Fischione tomography holder (model 2030) (Fischione
Instruments, 9003 Corporate Circle Export, PA, USA).
The tilt series has been accurately aligned using the
Inspect 3D software of FEI Company with the cross-
correlation method in combination with the least-squares
alignment mode with the AMIRA software (Amira,
Merignac Cedex, France). The 3D reconstruction has
been carried out using the simultaneous iterative recon-
struction technique and is visualized with the software
AMIRA. Because of the high contrast of the InAs QDs
in the HAADF-STEM images, manual segmentation of
the tomogram was carried out in order to locate the
QDs. The position of the QDs has been considered as
the geometric center of the QDs in the tomogram.
FIB sample preparation method
Needle-shaped specimens fabricated for electron tomog-
raphy need to meet specific requirements, often more
strictly than for other applications as atom probe tomog-
raphy, such as reduced needle diameter and minimizedsurface amorphous layer. We have previously reported
in detail the procedure to fabricate such needles from
semiconductor materials [23]. In short, the method con-
sists on protecting the surface of the bulk material by
depositing a Pt layer, followed by milling a 1- to 2-μm-
thick lamella using the in situ lift-out method [24] and
then sculpting a needle using annular patterns of vari-
able diameter. In Hernández-Saz et al. [23], the sample
consisted of one layer of InAs QDs grown on InP. How-
ever, in the present study, the sample consists of a larger
number of InAs QDs layers (50) and grown on a differ-
ent substrate (GaAs). The fabrication of needles from
this sample requires some modifications in the prepar-
ation method in order to optimize the structural charac-
teristics of the specimen, which are explained below.
With regard to the substrate, GaAs has a lower sputter
yield than InP [25] which means that for a given ion
beam current and voltage, the time required for a spe-
cific milling step will be higher. In this case, attention
should be paid to a possible spatial drift of the sample
with time, as its effects on the final geometry of the spe-
cimen will be more pronounced.
Regarding the higher number of QDs layers in the
structure, care should be taken to sculpt a needle with
reduced diameter along a larger distance in the needle
axis in order to include all the QDs layers, about 900 nm
in this sample. In soft materials such as III-V semi-
conductors, milling a needle with the ion beam following
an annular pattern normally produces a typical conical
shape where the diameter increases rapidly as the dis-
tance from the top of the needle is raised. To avoid this,
an increase in the annular milling steps has been intro-
duced in the procedure, which also helps avoiding the
effect of the drift mentioned before. Table 1 shows the
steps followed for milling a needle from a GaAs lamella.
As it can be observed, the inner diameter is reduced
slowly, in a number of steps, in order to obtain a needle
with a nearly cylindrical shape. The annulus shape of the
pattern is etched from the external surface of the needle
inwards with depth of 500 nm and dwell time of 1 μs.
Results and discussion
Figure 1 (a) shows a HAADF image of a specimen pre-
pared by FIB following the procedure described above.
As it can be observed, the needle has a shape close to
cylindrical and its diameter is small enough so that the
different QDs layers are visible, showing that the pro-
posed fabrication method was successful.
In this image, the InAs QDs can be clearly observed as
they exhibit brighter contrast than the GaAs matrix be-
cause of the higher average Z number. However, in
HAADF images, the static atomic displacements of the
atoms, because of the strain in the epitaxial layers, also
play an important role in the observed contrast [26,27].
Table 1 Parameters used in each step of the annular milling process to fabricate GaAs needles with a reduced
diameter along a large range
Step Inner diameter (nm) Outer diameter (nm) Current (pA) Voltage (kV)
1 1,000 1,500 100 30
2 800 1,400 81 20
3 700 1,200 23 20
4 600 1,000 23 20
5 500 850 23 20
6 400 700 4 20
7 300 600 4 20
8 150 400 4 20
9 - - 70 5
The last step is to clean the amorphous layer around the needle.
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expected to show sharp upper interfaces when observed
by HAADF but with diffused boundaries, in which the
contrast is gradually reduced at the edge, as it is shown
in the image. Regarding the vertical stacking of the QDs,
it is worth mentioning that we have not found a stacking
running across all the 50 layers as expected, but only up
to approximately 12 to 15 QDs. This could be detrimen-
tal to the functional properties of this structure, and it is
a consequence of the strain fields in the structure.
About the vertical alignment of the QDs, from the
micrograph in the inset of Figure 1 (a) it seems to be
parallel to the growth direction. In many cases, this is
the expected distribution of the QDs since the non-
perfect alignment of the QDs has been reported toFigure 1 Cross-sectional HAADF images of the needle-shaped specim
the stacking of QDs and the growth direction are different for the three iminfluence the electron wavefunction [28] and to reduce
the exchange energy between electronic states [29]. How-
ever, it should be highlighted that TEM cross section
images are 2D projections of the sample and therefore,
the volume information is lost; this should be taken
into account to avoid the misinterpretation of the
images. In this regard, (b) and (c) in Figure 1 show
HAADF images of the same needle-shaped specimen as
in (a) in Figure 1 but taken at different rotation angles,
90° apart from each other, and −10° and 80° from the
micrograph in (a) in Figure 1, respectively. The unusual
geometry of the needle-shaped specimen fabricated by
FIB in this study allowed us to obtain a higher number of
projections than possible from the conventional thin
foils, providing interesting additional information of theen taken at different rotation angles. Note that the angles between
ages: (a) 0°, (b) 5°, and (c) 11°.
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the stacking of QDs is not vertically aligned anymore. In-
stead, deviation angles of 5° and 11° with respect to the
growth direction have been measured. Other values for
the vertical alignment of the QDs have been measured
from different rotation angles. These experimental
results to evidence that the conclusions obtained from
the conventional 2D analysis of the stacking of QDs often
found in the literature are not reliable and would mis-
lead the interpretation of the functional properties of
these nanostructures, being the 3D analysis of the sample
as an essential step.
In order to obtain 3D information from the sample,
we have acquired a tilt series of HAADF images, and we
have computed the tomogram using these images. The
results are shown in Figure 2a,b. Figure 2a shows a gen-
eral view of the needle, including the upper stacking of
QDs and the platinum deposition. For the analysis of the
distribution of the QDs, a segmentation of the recon-
structed structure was carried out, as shown in
Figure 2b. This figure reveals that the real distribution of
the QDs consist of a stacking that follows a straight line
that deviates 10° from the growth direction Z, which is
quite different from the results obtained from Figure 1a.
From this analysis, we have also observed that there is
an asymmetry in the size of the QDs, being around 30%
smaller in one direction than in the perpendicular one
in the growth plane.
It is worth mentioning that often the 3D information
obtained from tomography analyses suffers from the
missing wedge artifact due to a lack of information for
high rotation angles. This causes an elongation of theFigure 2 The surfaces render of the reconstructed volume and an axi
the tomogram of the needle with opaque surfaces for the QDs below the
included in the base of the needle. (b) Segmentation of the QDs in the tom
deviates 10° from the growth direction. (c) Slice through the upper QD of
evidence the elongation in the direction of the optical axis of the microsco
with a white and black dotted line respectively.features in the sample along the microscope optical axis
(in our case, parallel to the wetting layers). Figure 2c
shows an axial slice through the reconstructed needle,
where this elongation is observed. We have superim-
posed a circle along the surface of the needle to evidence
this elongation more clearly. From this figure, we have
calculated an elongation percentage due to the missing
wedge of 1.14%. We have measured the vertical align-
ment of the dots using the location of the center of each
dot and because of the calculated elongation, this pos-
ition will be displaced from its real location. The max-
imum error in the location of the QDs would occur for
dots placed close to the surface of the needle, and where
the QDs alignment has a component parallel to the op-
tical axis of the microscope. In this case, the error in the
angle between the QDs vertical alignment and the
growth direction would be of 3.5°. This error could be
minimized using needle-shaped specimens in combin-
ation with last generation tomography holders that allow
a full tilting range. On the other hand, for QDs stacking
included in a plane perpendicular to the microscope op-
tical axis located in the center of the needle (as shown
in Figure 2c), there would be no error in the measure-
ment of the angle. In our case, the vertical alignment of
the dots is closer to this second case. In Figure 2c we
have included the position of the upper QD in the stack-
ing with a white dotted line, and of the lower QD with a
black dotted line. As it can be observed, both dots are
very close to the center of the needle, and the vertical
alignment forms an angle close to 90° with the optical
axis; therefore, the error in the measurement of the QDs
vertical alignment is near to 1°.al slice through the needle. (a) Semi-transparent external surface of
platinum deposition. A projection of one of the central QDs is
ogram, showing that the stacking of QDs follows a straight line that
the reconstructed tomogram where we have superimposed a circle to
pe. The upper and lower QDs of the Figure 2b have been included
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the stacking of QDs is caused by the elastic interactions
with the buried dots and by chemical composition fluc-
tuations [16,30]. However, other parameters such as the
specific shape of the QDs [4,5,31], elastic anisotropy of
the material [4,5,30,31], or the spacer layer thickness
[4,5,30] need to be considered as well to predict the ver-
tical distribution of the QDs. Understanding these com-
plex systems needs both a strong theoretical model and
precise experimental measurements to compare the
obtained results. Our work provides these experimental
data. The correlation of these results with the growth
design and with the functional properties of these struc-
tures will allow closing the loop to optimize the per-
formance of devices based in stacking of QDs.Conclusions
In summary, we have analyzed the 3D distribution of
InAs/GaP/GaAs stacked QDs by electron tomography
using HAADF images. For this, we have optimized the
needle-shaped specimen fabrication procedure by FIB
for samples with multiple layers of QDs. We have found
that contrary to what could be derived from a 2D con-
ventional TEM analysis, the QDs do not follow a vertical
alignment, but there is a deviation angle of 10° ± 1°. The
unambiguous determination of the 3D distribution of
QDs is a key for the interpretation of the optoelectronic
properties of devices based in stacking of QDs.
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